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ABSTRACT

Perfluorooctanoic acid (PFOA) is an organic pollutant abundant in the
environment, and the potential toxicity of which is causing great concern.
The oxidative and apoptotic potential of PFOA was assessed in a short-
term in vivo zebrafish assay in this study. Activities of antioxidative en-
zymes, including superoxide dismutase and catalase, were significantly
atered in PFOA-treated embryos. Lipid peroxidation was increased with
exposure to higher concentrations. Expression profiles of certain genes
related to cellular apoptosiswere then investigated. The expression of p53
and Baxwere partially increased, which could be linked to PFOA-induced
cell apoptosis in zebrafish. The overall results demonstrated that PFOA
could induce oxidative stress and alter the expression of genesinvolvein
apoptosis, resulting in oxidative damagesin zebrafish embryos.

© 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

Perfluorooctanoic acid (PFOA) isaperfluorinated
compound (PFC), which consists of a carbon back-
bone and hydrogen replaced by fluorine. The strong
carbon-fluorine bonds result in remarkable chemical
stability and the compound therefore do not undergo
photolysis, hydrolysis, or biodegradation. Over there-
cent years, numerous reports of increasing concentra-
tionsof PFOA in the environment such asair, water
and soil, aswell asinwildlifeand humans have been
published25425, PFOA iswell absorbed but poorly
cleared with ahaf-lifeof 3.8 yearsinhumang*¥. Itis
wel| established that human serum PFOA levelsared -
evated in communitieswith highly contaminated drink-

ingwater,

PFOA may causehedth effectsinanimasand hu-
mans. Information on the developmental toxicity of
PFOA in rodents and birds have been reported and
illustratethe devel opmental toxicity, hepatotoxicity, re-
productivetoxicity, immunotoxicity and carcinogenicity
of PFOA inexperimenta animag*419, A genomicandy-
sisdemonstratesthat genesinvolved in the transport
and metabolism of fatty acidsand lipids, cell communi-
cation, adhesion, growth, and gpoptosisaresignificantly
atered in PFOA treated ratg®.

Aguatic ecosystems serve asthe ultimatesink for
many environmental pollutantsthat accumulateinfish
species. Theaverage concentrationsof PFCinthefish
can reach 8850-fold greater than thosein surfacewa
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tert®, Toxicant exposuresthat cause oxidative stress
during embryonic devel opment areasgnificant hedlth
risk inadults. Fish embryonic development may bees-
pecidly senstiveto toxicant-induced oxidative stress
snceevenal5-20% increase in ROS can tip progeni-
tor cellsinto premature cell cyclearrest or differentia-
tion?, Asaresult of thisoxidative stress, fish, likemany
other vertebrates, try to reduce the damage using the
antioxidant defense system. Whileoxidative effects of
PFOA arewd | documented in rodents, theinformation
infishisscarce and variable by speciesand treatment
regimen. PFOA induced asignificant inhibition of cata:
lase (CAT) activity at high concentrations with no
changes of superoxidedismutase (SOD) or glutathione
peroxidase (GPx) activitiesintheliver of male Japa
nese medaka®¥. Liu et al. reported significant induc-
tion of caspase-3,-8, -9 activitiesaccompanied by in-
creased levels of SOD, CAT activities and lipid
peroxidation (LPO) level (measured by maleic
dialdehyde, MDA) in PFOA treated hepatocytes of
freshwater tilapia, whereas GPx activity was de-
creased”. PFOA affectsthecirculating sex steroid lev-
els, increases hepatic fatty acyl-CoA oxidaseactivity,
andincreases oxidative damage'®%¥. Rareminnow ex-
posed to PFOA for 28 d exhibits the suppression of
generelated to fatty acid biosynthesisand mitochon-
drial fatty acid beta-oxidation?. Another study con-
firms that exposure of salmon to PFOA produce
changesin mRNA expression for PPARs, ACOX1,
oxidative stressresponses and lipid f-oxidation, but
these responses show marked organ differences.
The zebrafish embryoisan appropriate vertebrate
modél for investigating devel opmentd toxicity of envi-
ronmental contaminantg??4, Thisismainly duetoits
easy maintenance, theshort reproduction cycleand the
high number of eggs per spawning, therapid develop-
ment, thetransparency of the eggsand the well-docu-
mented and abundant biologica and geneticinforma
tion. Neverthel ess, effect of PFOA induced oxidative
damageinthisvauablemodd fishremainslargely un-
clear. Therefore, this study attempted to analyze the
mechanism of PFOA-induced oxidative toxicity in
zebrafish. Thechangesintheactivitiesof antioxidative
enzymesand lipid peroxidative product were measured.
Theeffect of PFOA on apoptosisrelated geneexpres-
sion (e.g., Bax and p53) were further assessed in a
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short-term zebrafish assay in vivo.

MATERIALSAND METHODS

Zebrafish maintenanceand embryo exposure

Adult zebrafishweremaintainedat 28+ 0.5°Cina
14/10 hlight/dark cyclein aclosed flow- through wa-
ter. Tap water wastreated to removeresidual ammo-
nia, chlorineand chloramines. Thefishwerefed with
liveartemianauplii twicedaly. Zebrafishembryoswere
obtai ned from spawning adultsin groups of about 6
maesand 6 femalesin tanksovernight. Mating, spawn-
ing, and fertilization took placewithin 30 minutes after
light onset in the morning. Eggswere collected from
spawn traps and washed with clean water. At 6 hours
post fertilization (hpf) embryoswereexamined under a
di ssecting microscope, and those embryosthat had de-
veloped normally and reached the bl astulastage were
selected for PFOA exposure. PFOA (96%) was ob-
tained from SigmaChemical Corporation (St Louis,
MO). We observed the devel opment of zebrafish em-
bryos and repl aced the exposure sol utions every day,
and theembryoswerethen grown upinanincubation
chamber at 28+ 0.5°C.

Activitiesof antioxidant enzymes

The exposure sol ution was removed and the em-
bryoswererinsed gently with distilled water for three
times. Thenwhole-body homogenatesin 500 ul of cold
phosphate buffered saline (PBS, pH=7.5) wereimme-
diately prepared and centrifuged at 12000 gfor 15min
at 4°C. The supernatants were collected for various
assays.

Catalase (CAT) and superoxide dismutase (SOD)
activitieswere measured following theinstructions of
thecommercially availablekits (Nanjing Jiancheng
Bioengineering Ingtitute, Nanjing, China). CAT activity
was measured by the decrease in absorbance at 240
nmdueto H,O, consumption. Oneunit of CAT activity
was defined asthe amount of enzyme decomposing 1
umol H,O, in 1s. SOD activity wasevaluated by the
inhibition rate of the superoxide radicals-dependent
cytochrome C reduction. Theresult of thisenzymatic
assay wasgiveninunitsof SOD activity per milligram
of protein (U/mg), where 1 U of SOD wasdefined as
the amount of sample causing 50% inhibition of cyto-
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chrome C reduction.
Lipid peroxidation and protein assay

Lipid peroxidation (measured asMDA) level was
determined by thekit (Nanjing Jiancheng Bioengineer-
ing Ingtitute, Nanjing, China). The MDA level wasex-
pressed as nanomoles per milligram protein. Protein
concentrationswere measured using a2-D Quant Kit
(GE Hedthcare, Piscataway, NJ).

Total RNA extraction and quantitativereal-time
PCR (QPCR)

Total RNA was extracted from 15 zebrafish em-
bryosfor each group using Trizol reagent (Invitrogen,
California, USA) followed by the purification step of
phenol-chloroform extraction according to theinstruc-
tionsof manufacturer. RNA integrity was assessed by
standard denaturing agarose gdl electrophoresis. The
concentration of total RNA was measured based on
theA260 value. Real-time PCR wasperformed witha
ABI 7500 fast Sequence Detector System (Perkin-
Elmer Applied Biosystems, Foster City, CA) using
SYBR Premix ExTagq™ (Takara Bio., Japan). The
gene-specific primers were used as previously re-
ported™?, Each reaction was performed inthreerepli-
catesamples. Theexpressionleve of each target gene
wasnormalized to 3-actin content. Themelting curve
wasanayzedto differentiatethedesired ampliconsand
theprimer-dimersor DNA contaminants.

Satistical analysis

All resultswere presented as mean + SEM. The
differenceswere evaluated by one-way ANOVA fol-
lowed by Tukey’s test using SPSS software. A p-value

of lessthan 0.05was considered to be Satisticaly Sg-
nificant.

RESULTS

Activitiesof antioxidativeenzymes

SOD, the endogenous scavenger, catalyzes the
dismutation of the highly reactive superoxideanionto
H.,O.,. In PFOA treated zebrafish embryos, SOD ac-
tivitiesweresgnificantly increased by 60, 110, 190 and
83%inthel, 5, 10 and 15 mg L exposure groups,
respectively (Figurel).
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Figurel: Changesof SOD and CAT activitiesin zebrafish
lar vaeexposed to different concentrationsof PFOA. Values
that were significantly different from the control were
indicated by asterisks (one-way ANOVA, *p < 0.05; **p<
0.01). Valueswer ethemeansof four replicateexposuresand
wer epresented asmean = SEM.
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CAT isresponsiblefor the reduction of hydrogen
peroxideand protection from the oxidation of unsatur-
atedfatty acidsin cell membrane. CAT activitieswere
significantly increased by 93 and 73%inthe10and 15
mg L exposuregroups, respectively. The CAT activi-
tiesweredightly increased or decreased but not signifi-
cantly changed inthe 1 and 5 mg L PFOA exposure
groups(Figurel).

Lipid peroxidation

MDA wasindicativeof lipid peroxidation. MDA
contentswereincreased by 74% and 86%in the higher
concentration treated groups (10 and 15 mg L) com-
pared withthe control. TheMDA contentsweredightly
increased but not significantly changedintheland 5
mg L PFOA exposure groups (p>0.05) (Figure 2).

Effects of PFOA exposure on mRNA expression
of P53 and Bax

We measured gene expression of Bax and p53 by
Q-PCR. ThemRNA expression of Bax genewassig-
nificantly increased 1.6- and 1.8- foldin5and 10 mg
L PFOA exposuregroups. The Bax transcriptionwas
asoincreasedintheland 15 mg L PFOA exposure
groups, but the change was not statistical ly significant
(p>0.05) (Figure 3A).

p53, acritical geneinvolved intheregulation of
gpoptosis, wasinduced in PFOA treated animalscom-
pared with the control. p53 genetranscription wasSig-
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nificantly increased by 2.1- , 2.0- and 2.9- foldinthe  and CAT play significant rolesasantioxidantsand their

5,10 and 15 mg L* PFOA exposure groups, respec-
tively. Therewasno significant differencein Img L
treatment group compared with thecontrol (Figure 3B).
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Figure2: Changesof MDA level in zebrafish lar vae exposed
to different concentrations of PFOA. Values that were
significantly different from the control wereindicated by
asterisk (*p<0.05). Valueswerethe meansof four replicate
exposur esand wer e presented asmean + SEM.
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DISCUSSION

The zebrafish devel op rapidly and gastrul ation be-
ginsat about 6 hpf. Spontaneous movements emerge
andtail isdetached from theyolk with heart beating at
24 hpf, and embryogenesisisessentialy compl eted at
96 hpf, asmost organsare formed and functioning by
thistime®. Thusat 6 hpf embryoswere examined un-
der adissecting microscope, and those embryos that
developed normally and reached theblastulastage were
selected for PFOA exposure.

Fishembryonic deve opment may beespecidly sen-
gtivetotoxicant-induced oxidative Stresssinceeven a
15-20% increase in ROS can tip progenitor cells into
prematurecdl| cyclearrest or differentiation'®!. Exces-
siverate of ROS formation asaresult of exposureto
environmental pollutants may exceed the antioxidant
capacity and subsequently result to oxidativestressin
organisms. Thus, organismsare ableto adapt to ROS
formation by increasing the expression of antioxidant
enzymes, in addition to many other forms of defense
andrepair of oxidativedamages®. Theenzymes SOD

elevated expression and activity areindicative of oxi-
dative stress. SOD isametalloenzymethat catalyzes
thedismutation of superoxideradicals(.O,) to O, and
H,0,, while CAT subsequently reducesthe produced
H,0, to H,O inthe peroxisomes. Inthe present study,
SOD and CAT activitieswere significantly changed.
Alteration of these parametersindicated that oxidative
stress-related process wasinvolved in the PFOA-in-
ducedinvivotoxicity.
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Figure 3 : Real-time quantitative PCR analyses of gene
expression levels of p53 and Bax in the zebrafish larvae
exposed to different concentrations of PFOA. Valuesthat
wer esignificantly different from the control wereindicated
by asterisks(one-way ANOVA, *p<0.05; **p<0.01). Values
wer ethemeansof threedeter minationson each of thethree
replicate exposur esand wer e pr esented asmean + SEM.

SOD activity wassignificantly increased presum-
ably to counteract oxidative damage. However, higher
concentration of PFOA (15mg L) appearedto allevi-
ate SOD activity (Figurel). Thiswassimilar withthe
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previousreport that higher concentration of PFOA (30
mg L) induced no significant changein SOD activity
whilelower concentration could increase SOD activity
incultured hepatocytesof freshwater tilgpid”. Thismight
be explained by the excess production of superoxide
radicals, which, after their transformation to H,0,,
caused an oxidation of thecysteineintheenzymeand
deactivate SOD activity. Catal ase servesasaprimary
defenseenzymeaganst oxidative stresssuch ashydro-
gen peroxide generated from peroxisoma-oxidation of
fatty acidd*”. Thechange of CAT activityinthisstudy
suggested that PFOA might induce oxidative stress
throughthedteration of cdllular oxidative homeostass.

Environmenta stressorsresultin animbaance be-
tween ROS production, and scavenging by endogenous
antioxidantscandirectly or indirectly disturb physiologi-
cd functionsof many cdllular macromoleculessuch as
DNA, protein, and lipidsand activate cellular stress-
sengtivesignding pathways. Lipid peroxidetioniscom-
monly used as marker of oxidativestressresponsein
aguatic animals, and has been shown to be significant
contributors of reduced cell function under oxidative
stress conditions?. Inthe present study, we observed
asignificant increasein alipid peroxidative product
(MDA) a higher exposuregroups. Theresultssuggested
that PFOA exposure might affect cell membranefunc-
tion and thusimpair early devel opment of zebrafish
embryos. Notably, no discernablelipid peroxidation
induction was observed in 1 and 5 mg L exposure
groups, while SOD changed dramatically at these con-
centration points, indi cating the contribution of theanti-
oxidant defense system.

Stress-induced apoptosisisthought to contribute
to abnormal devel opment during embryogenesis. The
tumor suppressor gene p53 has been examined for its
rolein DNA damage-induced apoptosisthat ischemi-
callyinduced®. Typicaly, p53isactivated when DNA
damage occursor the cell isstressed. Most apoptotic
signaling processes are related to alterations of
apoptosis-related molecules, such asp53, Bcl-2/Bax,
cytochromec etc., which thentrigger caspase activa
tion via caspase-3 and subsequently induce cell
apoptosig#29, Onthebasisof resultsobtainedinthe
present study, it might be hypothesized that, inembryos
exposed to PFOA, ROSinduced oxidative stressand
caused damageto cell membrane (asevident fromin-

creased LPO level) and subsequently, the oxidative
simulusmight trigger pS3. It trand ocated tothenucleus,
whereit couldinduce proapoptotic gene expression,
suchasBax, onthemitochondria membrane, activated
the downstream effector and initiated apoptosis.

Insummary, our resultsclearly showed that PFOA
couldinduceantioxidative responsesin zebrafish em-
bryos, resulting in oxidative damages. Further studies
are needed to eva uate thetoxic potential of thiscom-
pound infish mode swith theextended exposuretime
points and concentrations. Furthermore, therelation-
ship between the protectiverol e of certain genefunc-
tion and developmental toxicity remainsto befurther
investigated.

ACKNOWLEDGMENT

Thisstudy was supported by the National Natural
Science Foundation of China(N0.41001336).

REFERENCES

[1] A.Arukwe, A.S.Mortensen; Lipid peroxidationand
oxidative stressresponses of salmon fed adiet con-
taining perfluorooctane sulfonic- or perfluorooctane
carboxylic acids, Comparative Biochemistry and
Physiology, Part C, 154, 288-295 (2011).
A.B.Lindstrom, M.J.Strynar, E.L.Libelo;
Polyfluorinated compounds: past, present, and fu-
ture, Environmental Science & Technology, 45,
7954-7961 (2011).

B.Gonzalez-Flecha, B.Demple; Genetic responses
tofree radicals. Homeostasis and gene control, An-
nals of the New York Academy of Sciences, 899,
69-87 (2000).

B.Zhao, Y.Chu, D.O.Hardy, X.K.Li, R.S.Ge; Inhi-
bition of 3beta- and 17beta-hydroxysteroid dehy-
drogenase activities in rat Leydig cells by
perfluorooctane acid, The Journal of Steroid Bio-
chemistry and Molecular Biology, 118, 13-17
(2010).

C.Kunacheva, S.Fujii, S.Tanaka, S.T.Seneviratne,
N.P.Lien, M.Nozoe, K.Kimura, B.R.Shivakoti,
H.Harada; Worldwide surveys of perfluorooctane
sulfonate (PFOS) and perfluorooctanoic acid
(PFOA) in water environment in recent years,
Water Science and Technology, 66, 2764-2771
(2012).

[2]

(3]

[4]

[5]

BioTechnology —

Hn Tudian Jounual



BTAIJ, 8(1) 2013

Shaoli Yang and Zhen Su 95

————, FyurL PAPER

[6] C.Lau, K.Anitole, C.Hodes, D.Lai, A.Pfahles-
Hutchens, J.Seed; Perfluoroalkyl acids: A review
of monitoring and toxicol ogical findings, Toxicologi-
cal Sciences, 99, 366-394 (2007).

[7] C.Liu, K.Yu, X.Shi, JWang, PK.Lam, R.SWu,
B.Zhou; Induction of oxidative stressand apoptosis
by PFOS and PFOA in primary cultured hepato-
cytesof freshwater tilapia(Oreochromisnilaticus),
Aquatic Toxicology, 82, 135-143 (2007).

[8] C.B.Kimmel, W.W.Ballard, S.R.Kimmel,
B.Ullmann, T.F.Schilling; Stages of embryonic de-
velopment of the zebrafish, Devel opmental Dynam-
ics, 203, 253-310 (1995).

[9] E.Sinclair, D.T.Mayack, K.Raoblee; Occurrence of
perfluoroalkyl surfactantsinwater, fish, and birds
from New York State, Archives of Environmental
Contamination and Toxicol ogy, 50, 398410 (2006).

[10] GT.Ankley, D.W.Kuehl, M.D.Kahl, K.M.Jensen,
A.Linnum, R.L.Leino, D.A.Villeneuvet; Reproduc-
tiveand devel opmental toxicity and bioconcentration
of perfluorooctanesulfonate in a partial life-cycle
test with the fathead minnow (Pimephales
promelas), Environmental Toxicology and Chemis-
try, 24, 2316-2324 (2005).

[11] GW.Olsen, J.M.Burris, D.J.Ehresman,
J.W.Froehlich, A.M.Seacat, J.L.Butenhoff,
L.R.Zobel; Half-life of serum elimination of
perfluorooctanesulfonate, perfluorohexanesulfo-
nate, and perfluorooctanoate in retired
fluorochemical production workers, Environmental
Health Perspectives, 115, 1298-1305 (2007).

[12] J.Deng, L.Yu, C.Liu, K.Yu, X.Shi, L.W.Yeung,
P.K.Lam, R.S.Wu, B.Zhou; Hexabromocy-
clododecane-induced developmental toxicity and
apoptosis in zebrafish embryos, Aquatic Toxicol-
ogy, 93, 29-36 (2009).

[13] J.H.Yang; Perfluorooctanoic acid induces peroxi-
somal fatty acid oxidation and cytokine expression
in the liver of male Japanese medaka (Oryzias
latipes), Chemosphere, 81, 548-552 (2010).

[14] K.Hoffman, T.F.Webster, S.M.Bartell,
M.GWeisskopf, T.Fletcher, V.M.Vieira; Private
drinking water wells as a source of exposure to
perfluorooctanoic acid (PFOA) in communitiessur-
rounding afluoropolymer productionfacility, Envi-
ronmental Health Perspectives, 119, 92-97 (2011).

[15] K.D.Oakes, P.K.Sibley, K.R.Solomon,
S.A.Mabury, G.J.Van der Kraak; Impact of
perfluorooctanoic acid on fathead minnow
(Pimephal es promel as) fatty acyl-CoA oxidase ac-
tivity, circulating steroids, and reproduction in out-

door microcosms, Environmental Toxicology and
Chemistry, 23, 1912-1919 (2004).

[16] K.S.Guruge, L.W.Yeung, N.Yamanaka,
S.Miyazaki, P.K.Lam, J.P.Giesy, P.D.Jones,
N.Yamashita; Geneexpression profilesinrat liver
treated with perfluorooctanoic acid (PFOA), Toxi-
cological Sciences, 89, 93-107 (2006).

[17] M.Schrader, H.D.Fahimi; Peroxisomes and oxida-
tivestress, Biochimicaet BiophysicaActa-Molecu-
lar Cell Research, 1763, 1755-1766 (2006).

[18] M.Zhao, Y.Zhang, C.Wang, Z.Fu, W.Liu, J.Gan;
Induction of macrophage apoptosis by an orga-
nochlorine insecticide acetofenate, Chemical Re-
search in Toxicology, 22, 504-510 (2009).

[19] N.Johansson, A.Fredriksson, P.Eriksson; Neonatal
exposure to perfluoroetane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA) causes
neurobehavioural defects in adult mice,
Neurotoxicol ogy, 29, 160-169 (2008).

[20] S.Desagher, J.C.Martinou; Mitochondriaasthe cen-
tral control point of apoptosis, Trendsin Cell Biol-
ogy, 10, 369-377 (2000).

[21] S.Y.Li, V.K.Sigmon, S.A.Babcock, J.Ren; Ad-
vanced glycation endproduct induces ROS accu-
mulation, apoptosis, MAP kinase activation and
nuclear O-GIcNAcylation in human cardiac
myocytes, Life Sciences, 80, 1051-1056 (2007).

[22] S.L.Yang, S.Yan, S.Qin, X.K.Lin; Suppression of
zebrafish VEGF gene by cytomegal ovirus promoter-
driven short hairpin constructsinduces vascular de-
velopment defects and down regul ation NRP1 ex-
pression, Biologia, 64, 1025-1031 (2009).

[23] T.PDalton, A.Puga, H.G.Shertzer; Induction of cel-
lular oxidative stress by aryl hydrocarbon receptor
activation, Chemico-Biological Interactions, 141,
77-95 (2002).

[24] U.Langheinrich, E.Hennen, G.Stott, G.Vacun;
Zebrafish as amodel organism for the identifica-
tion and characterization of drugs and genes af-
fecting p53 signaling, Current Biology, 12, 2023—
2028 (2002).

[25] W.D’Hollander, P.de Voogt, W.De Coen,
L.Bervoets, Perfluorinated substances in human
food and other sources of human exposure, Re-
views of Environmental Contamination and Toxi-
cology, 208, 179-215 (2010).

[26] Y.Wei, L.L.Chan, D.Wang, H.Zhang, J.Wang,
J.Dai; Proteomic analysis of hepatic protein pro-
filesin rare minnow (Gobiocypris rarus) exposed
to Perfluorooctanoic acid, Journal of Proteome Re-
search, 7, 1729-1739 (2008).

BioTechnology

An Tudian Yourual

——



